Extensiveness of conduction delay and block at the pulmonary vein area (PVA) was quantified in a previous study. We hypothesized that the combination of lines of conduction block with multiple concomitantly entering sinus rhythm wavefronts at the PVA may result in increased arrhythmogenicity and susceptibility to atrial fibrillation (AF).
A s atrial fibrillation (AF) is becoming a worldwide epidemic with significant morbidity and mortality, primary prevention remains the ultimate goal. Numerous studies have made an effort to identify individual risk factors making patients prone for AF development.
Although often neglected in this context, the sinus rhythm (SR) ECG may provide substantial information on AF risk in the individual patient. Particularly the characteristics of the p wave are of interest, as it reflects the excitation of the left and right atrium (LA and RA). Prolongation of p-wave duration results from delayed intra-atrial or interatrial conduction and has been identified as a predictor of AF after cardiac surgery and after cardioversion.
1,2 Furthermore, the association between p-wave duration and AF has been observed in several cohort studies with hazard ratios up to 2.19 for p-wave durations in the 95th percentile. [3] [4] [5] [6] Controversially, shorter p-wave durations have also been associated with AF, resulting in the hypothesis that fast atrial conduction facilitates the initiation of reentry, making the atria more prone to AF. 4 Although previous mapping studies are consistent in their findings about RA excitation, 7 -10 activation of the LA seems to be more diverse. 7, 8, [11] [12] [13] [14] [15] [16] Generally, it is assumed that earliest LA activation occurs at either the superoparaseptal or inferoparaseptal region, after which the wavefront propagates in a uniform fashion towards the posteroinferior region adjacent to the left inferior pulmonary vein (PV). 7, [11] [12] [13] [14] [15] However, wavefronts propagating downwards entering via Bachmann's bundle have also been described. 8, [14] [15] [16] In addition, multiple wavefronts may enter the PV area (PVA) concomitantly, which so far has not been quantified in previous studies.
In a previous epicardial mapping study of the PVA in 268 patients with ischemic heart disease (IHD) and (ischemic and) valvular heart disease ((i)VHD), we quantified the extensiveness of areas of conduction delay (CD) and block (CB) and found an increased amount of conduction disorders in patients with preoperative AF episodes. 17 Based on these observations, we hypothesize that the combination of extensive lines of CB with multiple concomitantly entering wavefronts entering the PVA during SR from different directions explains the increased arrhythmogenesis of this region.
In the present study, we, therefore, examined SR activation patterns at the LA posterior and inferior wall, assessed by intraoperative high-resolution epicardial mapping, in IHD or (i)VHD patients with and without preoperative AF.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
The study population consisted of 327 successive adult patients undergoing elective open heart surgery in the Erasmus Medical Center Rotterdam. Patients underwent either coronary artery bypass grafting, aortic and mitral valve surgery, or a combination of valvular and bypass grafting surgery. VHD was categorized by the most predominant valvular lesion. Correspondingly, patients were categorized as having IHD or ((i)VHD). This study was approved by the institutional medical ethical committee (MEC2010-054/ MEC2014-393).
18,19 Written informed consent was obtained from all patients, and clinical data were extracted from electronic patient files.
Mapping Procedure
Epicardial high-resolution mapping was performed before commencement to extracorporeal circulation, as previously described in detail. 19 A temporary bipolar epicardial pacemaker wire was stitched to the RA free wall, serving as a temporal reference electrode. A steel wire fixed to subcutaneous tissue of the thoracic cavity served as the indifferent electrode. Epicardial mapping was performed using a 128-or a 192-electrode array (electrode diameter respectively 0.65 mm or 0.45 mm, interelectrode distances 2 mm).
The PVA, consisting of the LA posterior and inferior wall, was mapped from the sinus transversus along the borders of the right and left PVs down towards the atrioventricular groove, as illustrated in Figure 1 , left. Five seconds of SR were
WHAT IS KNOWN?
• Only a few previous human mapping studies of the left atrial posterior wall have been performed during sinus rhythm, in which uniform conduction by one large wavefront was generally assumed, but never quantified in detail.
• Lines of conduction delay and conduction block have been identified in previous studies, which may facilitate arrhythmogenicity at the pulmonary vein area.
WHAT THE STUDY ADDS?
• During sinus rhythm, the pulmonary vein area is activated via multiple wavefronts entering either concomitantly or successively.
• Wavefronts entering the pulmonary vein area show a high degree of wavefront dissociation.
• Patients with a history of atrial fibrillation show more singular activation patterns at the pulmonary vein area.
• The high variety in entry sites of multiple wavefronts with a high degree of dissociation combined with long lines of slow conduction at the pulmonary vein area provides the proarrhythmogenic circumstances necessary for arrhythmia to occur.
recorded at all mapping sites, including a surface ECG lead, a calibration signal of 2 mV and 1000 ms, a bipolar reference electrogram, and all unipolar epicardial electrograms.
Recordings were sampled with a rate of 1 kHz, amplified (gain 1000), filtered (bandwidth, 0.5-400 Hz), analog-to-digital converted (16-bits) , and stored on a hard disk.
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Classification of Patterns of Activation at the PVA
Local activation maps of the PVA during SR were constructed by annotating the steepest negative slope of atrial potentials recorded at every electrode. 21 Atrial extrasystolic beats were excluded from analysis.
To categorize patterns of PVA activation, a circle was drawn on the PVA, with its center located in the middle of the PVA mapping area and the 0° point in the upper middle, as demonstrated in Figure 1 , right. This circle was divided in 8 areas with 45° angles, enabling classification of wavefronts entering the PVA according to their entrance site and their direction of propagation, including transverse, longitudinal, or diagonal. Anatomic nomenclature was used when describing entry sites of wavefronts, as shown in Figure 1 . 22 CD and CB were defined as time differences (Δt) of respectively 7 to 11 ms and ≥12 ms between adjacent electrodes, corresponding with effective conduction velocities of 17 to <29 cm/s for CD and <17 cm/s for CB respectively, which was based on previous literature. 23 Relative SR activation times were calculated for the first wavefront entering the PVA, defined as the time interval between the origin of SR and the first activated electrode at the PVA. In addition, relative local activation times of consecutive entering wavefronts were calculated, defined as the time difference between the second and first wavefront, the third and second wavefront and so on.
A typical example of color-coded local activation maps recorded at LA posterior wall of one patient with IHD is shown in Figure 1 . In this example, the PVA is activated via 3 wavefronts entering at 22 to 67°, 112 to 157°, and 292 to 337° thus superoparaseptal, inferoparaseptal, and posterosuperior, respectively; all wavefronts had a diagonal direction of propagation.
Statistical Analysis
Normally distributed data are described by mean±SD (minimum-maximum) and analyzed with a student t test. Categorical data are expressed as numbers and percentages and analyzed with χ 2 or Fisher exact test when appropriate. Univariate analysis of PVA activation-based risk factors for AF was performed by binary logistic regression analysis. Univariate variables with a P value <0.100 were then used to obtain a joint risk factor score, in which for each patient, the number of present risk factors out of those identified by univariate analyses was counted; each risk factor was of equal weight. Throughout the article, a P value <0.05 was considered statistically significant. Statistical analyses were performed with SPSS statistical software, version 24 (IBM, Armonk, NY). 
RESULTS
Study Population
Characteristics of the study population (N=327, 241 male [74%], 67±10 years) are summarized in Table 1 . Activation mapping of PVA was performed by either a 128-polar (N=162) or a 192-polar electrode array (N=165). Patients were diagnosed with IHD (N=194, 59%) or (i)VHD (N=133, 41%), consisting of aortic stenosis (N=80, 60%) or mitral insufficiency (N=45, 34%) for the majority of patients. LA dilation was present in 68 patients (21%) and 62 patients (19%) had a history of AF, including paroxysmal (N=47, 14%), persistent (N=14, 4%), and longstanding persistent AF (N=1, 1%). The majority of patients had a normal left ventricular function (N=247, 76%). Class II antiarrhythmic drugs were used by 226 patients (69%), and class III antiarrhythmic drugs were used by 15 patients (5%).
Entry Sites of Wavefronts at the PVA
In 59 patients (18%), PVA activation maps showed areas of simultaneous activation, which was defined as areas in which conduction velocity exceeds 200 cm/s (sample rate 1 kHz). These maps will, therefore, be analyzed separately and described in the paragraph simultaneous activation.
In the remaining 268 patients, the PVA was activated by a total of 561 wavefronts, of which their distribution of entry sites is demonstrated in Figure 2 . Typical examples of activation maps demonstrating the variation of entry sites are displayed; the arrows indicate the main direction of wavefront propagation.
Most wavefronts propagated through the septal or paraseptal regions towards the PVA (N=461, 82%). A minority of wavefronts entered the PVA via the superoposterior site (ie, near the left atrial appendage; N=20, 4%) or via the superior or inferior site (ie, the LA roof or floor; N=29, 5% and N=29, 5% respectively). Wavefronts entering via the posterior (N=13, 2%) or the posteroinferior LA (N=9, 2%) were rarely observed.
Direction of Wavefront Propagation
Directions of wavefront propagation are summarized in Figure 3 . As expected, wavefronts propagate within the mapping area primarily from their entry site towards the center of the mapping area without a change in activation direction. For example, most wavefronts entering superoparaseptally propagate with a diagonal direction (N=116, 89%), whereas wavefronts entering at the septal region most often show a transverse direction of propagation (N=110, 98%).
Activation Patterns at the PVA
Excitation of the PVA occurred via 2 peripheral entry sites in most patients (N=150, 56%), as shown in Figure 3 . In the remaining patients, activation occurred via 1 (N=52, 19%), 3 (N=57, 21%), 4 (N=8, 3%), or even 6 peripheral entry sites (N=1, 0.4%). In case of one entry site (N=52), the wavefront entered PVA most frequently at the septal (N=27, 52%) or inferoparaseptal region (N=20, 39%), as exemplified in activation maps of Figure 2B and 2D; 1 superparaseptal entry site was observed in only one patient, and the remaining 4 patients showed activation via 1 non-(para) septal wavefront.
In patients with multiple entering wavefronts (N=216), only 2 patients did not have any paraseptal or septal wavefronts. Figure 4 shows the most frequently occurring combinations of entry sites in patients with 2 or 3 incoming wavefronts; combinations occurring <5× are summarized as other. In patients with 2 entry sites, both wavefronts entered via the (para)septal region in 117 patients (78%), whereas in 33 patients (21%) a para(septal) and a non-(para)septal wavefront were observed. In patients with 3 entry sites (N=57), a larger variety of combinations was observed and additional non-(para)septal wavefronts occurred in 41 patients AF indicates atrial fibrillation; IHD, ischemic heart disease; and (i)VHD, (ischemic and) valvular heart disease.
(72%); one patient did not have any (para)septal wavefronts. Hence, the vast majority of patients (N=262, 98%) showed activation of the PVA via at least 1 septal or paraseptal wavefront, yet, activation patterns at the PVA, including the location of entry sites and number of entry sites, show considerable variation between patients.
Dissociation of Wavefronts at the PVA
Relative SR activation times of entering wavefronts are provided in Table 2 ; the earliest activation at the PVA most frequently occurred at (para)septal region, ranging from 67 to 77 ms after the onset of SR. As expected, relative SR activation times of earliest PVA activation via the posterior site were longer with mean conduction times up 92 ms after SR onset (Table 2) .
Consecutive wavefronts were observed in 216 patients (81%), in whom the second wavefront was observed 11±9 ms after the first entering wavefront. A third wavefront was observed in 66 patients, which entered the PVA 9±8 ms after the second wavefront. As displayed in Table 2 , fourth, fifth, and sixth wavefronts were observed in a minority of patients. Figure 4 displays the relative local activation times between consecutive wavefronts entering the PVA; mean delta activation time was 10.6±8.8 (0-46) ms. No difference was observed in delta activation times of consecutive wavefronts of patients without and with AF (P=0.515). Also, when analyzing the mean delta activation time in each individual patient, no difference was observed between patients without and with AF (P=0.568).
Epicardial Breakthrough Waves at PVA
In 13 patients (5%), activation of the PVA occurred partly by an epicardial breakthrough wave (EBW). Characteristics of EBWs at the entire LA and RA epicardial surface have been described in detail in a previous study. 24 In the 2 of the 6 patients that did not show any peripheral wave via (para)septal regions, a large area of the PVA was already excited by an EBW, and the remainder was activated by a peripheral wavefront entering via non-(para)septal regions. 
Simultaneous Activation of the PVA
Examples of activation maps with areas of simultaneous activation (white lightning bolt) separated by a longitudinal line of CD/CB are displayed in Figure 5 . In these activation maps, black lines represent lines of CB and isochrones are drawn at 10 ms intervals. The corresponding CD (blue) and CB (red) maps are shown next to the activation maps. Fifty-nine patients (18%) showed areas of simultaneous activation; of which the incidence did not differ between patients without and with AF (17% versus 21%, P=0.507) and between IHD and (i)VHD patients (19% versus 17%, P=0.559).
In 29 of these patients (49%), multiple areas of simultaneous activation were observed, which were separated by a long line of CD, CB, or CDCB. Most frequently, CDCB lines >24 mm were observed (N=24, 41%). In 19 patients (32%), a longitudinal line of CD or CB running vertically between the left and right PVs from superior to inferior was observed.
Arrhythmogenicity of Altered Excitation at PVA
Conduction abnormalities at the PVA have been described in detail in a previous article, including 268 patients, which demonstrated that AF patients more often had lines of CD ≥6 mm, CB ≥6 mm, and CDCB ≥16 mm and that a longitudinal line of CD/CB running between the right and left PVs occurred in only 5% (N=14) of patients without simultaneous activation compared with 32% (N=19) of patients with simultaneous activation described in the present study (P<0.001).
In relation to AF development, several additional characteristics of excitation were analyzed, as displayed in Table 3 . Besides CD ≥6 mm, CB ≥6 mm, and CDCB ≥16 mm wavefronts entering the PVA via the posteroinferior to posterosuperior region (ie, 202-337°) showed a trend to a higher incidence in patients with AF (odds ratio, 1.98; P=0.087). Moreover, multiple wavefronts entering the PVA opposite to each other occurred more often in AF patients (odds ratio, 2.68; P=0.028). A joint risk factor score was calculated based on these 5 risk factors of altered excitation, which showed a significant increase in the incidence of AF when the number of risk factors increased, as shown in Table 3 . Incidence of AF increased from 8% of patients with 0 risk factors of altered excitation to 30% of patients with 3 risk factors and 26% of patients with ≥4 risk factors of altered excitation (P=0.007).
DISCUSSION Key Findings
Intraoperative high-density epicardial mapping enabled novel extensive quantification of SR activation patterns at the PVA in a large cohort of patients. Our data demonstrate that during SR multiple wavefronts enter the PVA concomitantly in the majority of patients. Also, wavefronts entering the LA posterior wall from the posterior (nonseptal) side have not been previously described. Interestingly, these rarely observed entry sites more often occur in AF patients. Furthermore, multiple areas of simultaneous activation with conduction velocities >200 cm/s were observed, which were often separated by large lines of CB.
Activation of the PVA
In a previous high-resolution mapping study, we described activation patterns at the RA, Bachmann's bundle, and the left atrioventricular groove. 25 Activation of the left atrioventricular groove via wavefronts propagating from the left atrial appendage and the posterosuperior side towards the posteroinferior side was demonstrated, suggestive for conduction via Bachmann's bundle. 25 Also, as activation of the left atrioventricular groove via the inferoparaseptal wall was observed, which can be interpreted as wave- fronts propagating via the limbus of the fossa ovalis or the coronary sinus ostium. 25 Previously, only a few human mapping studies of the LA posterior wall had been performed, often containing a small number of patients. 7, 8, [12] [13] [14] These studies showed conflicting results with regard to the location of earliest activation. In the majority of the population examined by RobertsThomson et al, 12, 13 earliest activation occurred at the inferior paraseptal region, while Markides et al, 14 Tapanainen et al, 8 and Lemery et al 7 reported earliest LA activation mainly occurring at the posterosuperior and superior regions. Although these studies provided insight in and examples of activation patterns at the LA posterior wall, no systematic quantification of entry sites and activation patterns was conducted. Thereby, examining the possible arrhythmogenicity of complex activation patterns, including multiple entry sites of concomitant entering wavefronts and their dissociation was not possible.
In the present study, activation patterns of the PVA (ie, the LA posterior and inferior wall) were examined in detail in a large population undergoing high-density mapping. Particularly, we demonstrated the high incidence of PVA activation via multiple separate wavefronts, which occurred in the majority of patients. As expected, most wavefronts entered via the septal and paraseptal sides, though wavefronts entering PVA from the posterior have also been observed. Earliest LA activation occurred most frequently at the inferoparaseptal region, which is in correspondence to the findings of Roberts-Thomson et al.
12,13
Simultaneous Activation
In almost a fifth of the population, areas of simultaneous activation were observed, of which the exact cause could not be determined. Electrograms recorded at areas with simultaneous activation showed clear potentials with an R peak and S deflection that were not distorted by noise. Thus, technical insufficiencies of the mapping system do not seem to be the underlying cause. Moreover, the clear R peak indicates the presence of depolarization waves propagating towards the mapping electrode, approaching the epicardial surface.
We hypothesized that there might be multiple concomitant large EBW, which are not recognized as such because of our strict criteria for EBWs as described previously. 24 In order not to overestimate the incidence of EBW, our EBW criteria include that the EBW should be activated earlier than all surrounding electrodes. When multiple EBW would occur at the same time, this criterion cannot be met. This way, when multiple EBW would arise concomitantly within the same region, their origins are that close to each other that it may seem as large areas of simultaneous activation.
Arrhythmogenicity of Activation Patterns
Previous studies on the arrhythmogenicity of the PVA mainly focused on the PVs as a source of ectopic triggers with the potential to initiate AF. 26, 27 The PVs have also been reported as structures that may have a critical role in AF maintenance by abnormal automaticity, triggered activity, or localized reentry. 28, 29 In a recent study by Lee et al 27 the right superior PV-LA junction was mapped epicardially in 18 patients undergoing cardiac surgery. At the junction of the PV with the LA, functional lines of CD and CB were observed in the majority of patients and were mainly orientated across the short axis of the vein. 27 In some patients, when pacing from the PVs, multiple lines of CD and CB and complex activation patterns developed with adjacent areas of the junction being simultaneously activated by wavefronts propagating in opposite directions. These circuitous activation patterns may create a substrate for reentry. 27 Additionally, the increased anisotropic potential of the complex fiber orientation at the PVs and its junction with the LA has been demonstrated in previous studies, which together with the presence of conduction disorders provides the perfect circumstances for reentry to occur. 27, 30 It is likely that these anisotropic properties are also increased in patients with extensive underlying heart disease, aggravating AF vulnerability.
In addition, the association of heterogeneity in conduction and reentry mechanisms has been well demonstrated in a study by Lammers et al 31 during rapid pacing and during atrial tachycardia in isolated rabbit atria. (14) 69±19 ( This study elegantly demonstrated how relative inhomogeneity indices increased during rapid pacing and during atrial tachycardia. Moreover, reentry occurred at the site with the largest differences in activation times between adjacent electrodes.
In addition, the left atrial posterior wall has been a location of interest in the mechanisms underlying AF initiation and maintenance in previous studies. 32 Non-PV triggers often originating from the left atrial posterior wall has been reported in the majority of patients with paroxysmal AF in whom isolation of the posterior wall in addition to only PV isolation showed improved freedom from recurrent AF. 32 In a recent high-density epicardial mapping study, we examined the arrhythmogenic effects of 339 atrial extrasystolic beats. 33 This data demonstrated that atrial extrasystolic beats significantly aggravated the amount of CD and CB at the site where they occurred and that this was even more pronounced with increasing aberrancy of the extrasystolic beat. We hypothesized that during SR, wavefronts will propagate predominantly along the way with the lowest capacitance, thus mainly in the longitudinal direction of myocardial fibers. 33 During aberrant AES, conduction likely changes more to the transverse direction, resulting in an increase in the amount of conduction disorders and thereby result in an increased vulnerability for localized reentry and AF initiation. 33 In general, the PVA is believed to be a vulnerable region for arrhythmogenicity, as wavefronts enter this area from various sites. In addition to that, the PVA contains tissue that is capable of triggered activity. Moreover, because of its thin wall, it is also more vulnerable to atrial wall stretch, leading to stretch-induced remodeling on a structural and electrophysiological level. 12, 34 In various clinical studies, shortening of the refractory period and increase in dispersion of atrial refractoriness was associated with either acute or chronic volume overload, resulting in increased vulnerability for AF. 12, [35] [36] [37] Also, stretch lead to reduced excitability of cardiomyocytes because of opening of stretch-activated channels or increased membrane capacitance. 35, 38 Although the aforementioned studies provided insights in cellular proarrhythmogenic effects occurring at the PVA, the presence of multiple concomitant wavefronts at the posterior and inferior LA wall during SR and its association with AF development is not known. In the present study, we demonstrated the highly variable activation of the PVA, including multiple entering wavefronts with a high degree of temporal dissociation up to 46 ms. Wavefront dissociation is a well-known attribute to arrhythmogenicity because it facilitates the appropriate circumstances for reentry to occur. 39 Although we could not confirm our hypothesis that AF patients may have a larger degree of wavefront dissociation, uncommon patterns of activation did occur more often in AF patients. Incidence of AF showed a gradual increase in correspondence with an increased amount of risk factors of altered excitation. The combination of long lines of CD, CB, or continuous CDCB with additional wavefronts coming from the posterior LA led to a >5-fold risk of AF compared with patients without these features.
Limitations
Whether general anesthesia influences conduction is yet to be investigated; however, a standard anesthetic protocol was used for all patients, and SR was confirmed during all mapping procedures. Thus, the possible effects of anesthesia would be equally dispersed among the patient population. As this study includes AF patients undergoing cardiac surgery; our findings may not be applicable to the same extent in other populations with AF. With our closed beating heart procedure, mapping of activation patterns at the interatrial septum, as well as transmural activation differences unfortunately was not possible.
Conclusions
Intraoperative high-density epicardial mapping demonstrated and quantified the highly variable patterns of activation at the PVA. In the majority of patients, at least 2 wavefronts enter the PVA concomitantly. Earliest epicardial activation most often occurred at the inferoparaseptal region 77±17 ms after the SR origin. Altered patterns of activation, consisting of wavefronts entering via the posterior (nonseptal) side and multiple opposing wavefronts combined with long lines of conduction slowing, were associated with the presence of AF. An excitation-based risk factor model was established, demonstrating an up to 5-fold risk of AF when multiple risk factors were present.
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